The essential oil from the aerial parts of hyssop (Hyssopus officinalis L.) from Iran was extracted using both hydrodistillation (HD) and supercritical fluid extraction (SFE) methods. SFE was performed at various pressures, temperatures, extraction (dynamic and static) times and modifier (methanol) concentrations using an orthogonal array design with an OA 25 (5 5 ) matrix conditions. Using GC-MS, 22 components were characterized in the oil extracted by HD. The data obtained from this study suggest that hyssop collected from Iran could be a special chemotype with a high sabinene concentration (11.04%). Major compounds identified when using SFE were sabinene, pinocamphene and iso-pinocamphene, which were extracted at different levels when applying different operational conditions. The highest selectivity of sabinene was obtained at 100 atm, 55℃, with 1.5 µL (0.05%, w/w) methanol, dynamic extraction time of 30 min and static extraction time of 35 min. Also, the highest selectivity of pinocamphene and iso-pinocamphene were obtained at 100 atm, 45℃, with 4.5 µL (0.14%, w/w) methanol, dynamic extraction time of 20 min and static extraction time of 25 min.
Introduction
Hyssop (Hyssopus officinalis), belonging to Lamiaceae (Labiatae) family is an aromatic perennial herb native to southern Europe and some temperate regions of Asia. It is usually found on dry banks and among rocks and ruins (Le Strange, 1977) . The plant is widely used as a flavoring agent in soups in some parts of Iran (Akgül, 1983) . Flowering tops and leaves of hyssop are sometimes used to flavor teas, tonics, non-alcoholic beverages, vegetable dishes, soups, salads, sauces, pickles, meats and candied products. The essential oil of hyssop has been widely used in food, pharmaceutical and cosmetic industries (Furia and Bellanca, 1975; Gruenwald et al., 2000) . Numerous studies in the literature have reported on the composition of volatile oils isolated from hyssop. The major constituents of essential oil extracted from this herb were reported to be pinocamphene, iso-pinocamphene, β-pinene, 1,8-cineole, myrtenol, eugenol, methyl eugenol, limonene, germacrene-D, elemol, linalool and pinocarvone (Steinmetz et al., 1980; Dunian et al., 1990; Dzhumaev et al., 1990; Schulz and Stahl-Biskup, 1991; Tsankova and Kontaktchiev, 1993; Garg et al., 1999; Piccaglia et al., 1999; Gorunovic et al., 1995; Vallejo et al., 1995; Salvatore et al., 1998; Shan, 1991; Kerrola et al., 1994; Mitic and Dordevic, 2000; Jankovsky and Land, 2002; Özer et al., 2005) . Studies have shown that the composition of essential oils of a given herb can vary with genotype, location and climatic conditions.
In a previous study, effect of several SFE parameters on the extraction of Iranian hyssop was investigated and the compositions of such extracts were compared with that of hydrodistillation. It was found that the compositions of the extracted oils were greatly impacted by the operating conditions. Sabinene, iso-pinocamphene and pinocamphene were three major compounds identified among all conditions investigated (Kazazi et al., 2007) . However, the selectivity of the extraction was not investigated in that study. Therefore, the objective of current study was to investigate the selectivity of SFE for three major compounds of hyssop essential oil when changing the operational conditions (pressure, temperature, modifier volume, and dynamic and static times).
Materials and Methods
Plant materials The plant materials already dried on a perforated tray at ambient conditions were obtained from Industrial Research Center for Studies on Plant Pesticides and Fertilizers (Karaj, Iran). The roots were separated from the plants and the remaining parts were used in the extraction. Moisture content of the parts used for the extraction was 5.7% (w/w), measured according to AACC method 44-19 (AACC, 1983) . Immediately prior to SFE, the samples were ground in a blender to produce a fine powder with an average particle size of 0.4 mm.
Extraction conditions A Clevenger-type apparatus was used to perform HD. Eighty g of dried herb was extracted using 1200 mL water conducted for 4.0 h at atmospheric pressure. The amount of essential oil recovered (0.5%, w/w, dry-basis) was measured gravimetrically. A Suprex MPS/225 system (Pittsburgh, PA) was applied in the SFE mode to carry out the SFE experiments. Detail explanation of the ex-tractor unit is reported elsewhere (Kazazi et al., 2007) . Various conditions of SFE experiments (Table 1) were planned according to the Taguchi's experimental design (Roy, 1990) . Static time was the total time allowed prior to the collection of the extracted oil. That is, when the CO 2 flow rate was zero. Dynamic time was the time during which sample collection was performed applying a given CO 2 flow rate (0.3-0.4 mL/ min). Methanol (from Aldrich Chemical Co., Gillingham-Dorest, UK) at 0.0-6.0 µL levels (0.00-0.20%, w/w, compared to 2.5 g sample) was used as the modifier to improve the polarity of CO 2 during the SFE operation favoring the extraction of more polar components of hyssop oil. Nitrogen and helium (as carrier gases in GC and GC/MS experiments, respectively) were obtained from Daga Co. (Tehran, Iran).
GC and GC/MS analysis The essential oils were analyzed using an HP 6890 GC-Plus gas chromatography system (Hewlett-Packard Co, Wilmington, DE) equipped with an HP-1701 column (30 m × 0.32 mm × 0.25 µm) and an h. kazazi & k. Rezaei FID detector. Oven temperature programming included a hold at 50℃ for 2 min, then a ramp at a rate of 10℃/min to 120℃ and another ramp at 5℃/min to the final temperature of 240℃, where a hold for 5 min was allowed. The carrier gas, N 2 , was adjusted to a linear velocity of 23 cm/s. Injector and detector temperatures were both set at 250℃. Volume of injected essential oil was 1 µL and split ratio was set at 1:60. The identification of the GC peaks was carried out on an Agilent 6890 N GC/MS system equipped with an HP-5MS19091S-433 column (30 m × 0.25 mm × 0.25 µm). Oven temperature was held at 35℃ for 2 min and then increased to 95℃ at a rate of 3℃/min, after which another ramp at 5℃/min up to 220℃ and a hold for 5 min were applied. The temperature was then increased to 280℃ at a rate of 10℃/min and held for 5 min. The carrier gas, He, was adjusted to a linear velocity of 40 cm/s. The transfer-line temperature was set at 280℃. The ionization energy was set at 70 eV with a scan time of 1 s and the mass range of 30-550 amu.
Identification of the extracted components
The identities of the components from the extracted essential oils were assigned by comparing their fragmentation patterns of their mass spectra with those of known compounds reported in the literature (Swingger and Silverstein, 1987; Adams, 1989) and by getting help from NIST and Wiley libraries established in our databases. Furthermore, retention indices measured relative to those of n-alkanes (C 9 -C 17 ) on the non-polar HP-5MS column of the identified components were determined and compared against those reported by literature at similar analytical conditions.
Results and Discussion
The identification and quantification of the extracted components Twenty-two components were identified in the HD-extracted essential oils ( Table 2 ). The main constituents of the oil were sabinene (11.0%), iso-pinocamphene (10.9%) and pinocamphene (8.2%). The minor compounds identified were pseudo-cumene, nopinone, myrtenol, isophytol, beta-bourbonene, methyl eugenol, beta-caryophllene, beta-Selective Extraction of Main Components from Hyssop (Steinmetz et al., 1980; Dunian et al., 1990; Dzhumaev et al., 1990; Schulz and Stahl-Biskup, 1991 Shan, 1991; Tsankova and Kontaktchiev, 1993; Kerrola et al., 1994; Gorunovic et al., 1995; Vallejo et al., 1995; Salvatore et al., 1998; Garg et al., 1999; Piccaglia et al., 1999; Mitic and Dordevic, 2000; Jankovsky and Land, 2002; Özer et al., 2005) . Qualitatively, the profiles of the compounds in the essential oils of the reported species were somewhat similar but the relative abundances of each component varied with those conditions. The three main components (sabinene, pinocamphene and iso-pinocamphene) identified in the essential oils of hyssop in the present study were also reported in many studies working with hyssop essential oil. However, sabinene in this study was measured at much larger level (11.0%) compared to those reported by other studies. The data obtained from this study suggest that hyssop collected from Iran could be a special chemotype with a high sabinene concentration (11.0%). Sabinene, pinocamphene and iso-pinocamphene were also found to be major components when using SFE at different conditions of this study (Table 3 ). The maximum level of sabinene was obtained in run 21 (at a temperature of 75℃, pressure of 200 atm, dynamic time of 50 min, static time of 25 min, modifier of 0.0 µL), whereas, the maximum levels of pinocamphene and iso-pinocamphene were obtained in run h. kazazi & k. Rezaei Table 3 . Relative peak areas (%) a of the identified major components from the supercritical fluid extraction of Hyssopus officinalis L. at different conditions (runs 1-25).
Compound
Sabinene ( 12.20 4.95 6.01 1.11 a The relative peak areas are reported based on the peak-area normalization of the GC chromatograms. b For each specific run, selectivity ratio was calculated as the ratio of sabinene concentration to the sum of those of pinocamphene and iso-pinocamphene concentrations. c RI (retention indices) were measured relative to those of n-alkanes (C 9 -C 16 ) on the non-polar HP-5MS column. 4 (temperature of 45℃, pressure of 100 atm, dynamic time of 20 min, static time of 25 min, modifier of 4.5 µL, 0.14%, w/w). According to the results of this study, SFE offered more choices (parameters and their levels) for the extraction of different components. Figure 1A presents the effect of pressure (the most important parameter of this study) on the quantities (%, w/w) of the sabinene, pinocamphene and iso-pinocamphene using SFE at five pressure levels of 100, 200, 250, 300 and 350 atm. Over a pressure range of 200-250 atm, extraction efficiency is high for all three components. At pressures above 250 atm, however, an increase in the pressure level led to a slight decrease in the extraction efficiency, which can probably be related to the reduced diffusion rates of the extracted components from the sample matrix to the supercritical fluid environment. The diffusion rates of the solutes are reduced at higher pressures (Rezaei and Temelli, 2000) and in this case, it appears that, diffusion has played a major role in the mass transfer rates of the extractable materials from the matrix into the supercritical fluid medium, which gives less extraction efficiency than that expected by the solubility enhancements at higher pressures (Rezaei and Temelli, 2000) . In general, diffusion coefficient of a given solute is reduced at higher pressures. However, temperature has a positive effect on the diffusion coefficients of the solutes leading to an improved extraction level when the mass transfer rate is controlled by the diffusion of the solutes through the pores of the matrix to be extracted. That is, once the extraction kinetics is slow, solubility cannot determine how much solutes are extracted (Rezaei and Temelli, 2001) . Effects of temperature on the extraction efficiencies (%, w/w) of sabinene, pinocamphene and isopinocamphene are shown in Figure 1B . Slightly higher extraction efficiency was observed for sabinene at 75℃ while those of pinocamphene and iso-pinocamphene were at 45℃. Figure 1C presents the effects of modifier volume on the extraction efficiencies (%, w/w) of the sabinene, pinocamphene and iso-pinocamphene. Except for sabinene, the quantities of the extracted components were slowly improved with the addition of the modifier up to 4.5 µL (0.14%, w/w), after which they were all dropped slowly. Main effect of modifier is observed on the solvent power of the supercritical fluid resulting in improvements in the extraction efficiencies of the extractable components. However, the changes occurring in the textural behavior of the matrix due to modifier can sometimes compromise such improvements in the extraction efficiencies. Moreover, diffusion coefficients of the extractable components can play a major role when the total amounts of extractable solutes are limited (Rezaei and Temelli, 2001) , which is the case for this study. Effect of static time on the quantities (%, w/w) of sabinene, pinocamphene and iso-pinocamphene using five different levels of static times (15, 20, 25, 30 and 35 min) is shown in Figure 1D . The highest levels of sabinene, pinocamphene and iso-pinocamphene were obtained at a static time of 25 min, after which the extraction efficiencies are dropped gradually. According to our previous study (Kazazi et al., 2007) , allowing a longer static time did not result in any apparent change in the extraction yield. Therefore, an improvement in the extraction of the above components indicates that a more selective extraction is achieved for these compounds when a 25-min static time is considered for the extraction. Similar effects are observed when a dynamic time of 20 min is considered ( Fig. 1E) . However, such improvements are favored more for sabinene at longer dynamic times (30-40 min) .
Effect of different parameters on the extraction efficiency
Effect of different parameters on the selectivity Sabinene, pinocamphene and iso-pinocamphene were found to be major components when using various SFE conditions in this study (Table 3) . Maximum selectivity for sabinene was obtained in run 18 (at a temperature of 55℃, pressure of 100 atm, dynamic time of 30 min, static time of 35 min and modifier of 1.5 µL); whereas, the maximum selectivities for pinocamphene and iso-pinocamphene were obtained in run 4 (at a temperature of 45℃, pressure of 100 atm, dynamic time of 20 min, static time of 25 min and a modifier of 4.5 µL). Figure 2A presents the effect of pressure on the selectivity ratio of the sabinene (the ratio of sabinene concentration to the sum of pinocamphene and iso-pinocamphene concentrations) using SFE at five pressure levels of 100, 200, 250, 300 and 350 atm. At 100 atm, the extraction was more selective for sabinene. However, at higher pressures, the extraction selectivity was decreased due to a decrease in the diffusion coefficient of this compound compared to pinocamphene and iso-pinocamphene. According to Rezaei and Temelli (2000) , diffusion coefficients of the solutes are highly dependent on the operational pressure and temperature. It is obvious that different compounds have different diffusion coefficients and they behave differently with changes in the operational conditions. Effects of temperature on the selectivity ratio of the compounds are rather complicated (Fig. 2B) . Apparently, an increase in the temperature from 35 to 55℃ favors the sabinene extraction more than that for pinocamphene and iso-pinocamphene. However, similar improvement in the selectivity was not observed at higher temperatures (65 and 75℃) due to totally different nature of the solutes and also complicated textural responses to the changes in the temperature. Figure 2C presents the effect of static time on the selectivity ratio of sabinene using five different levels of static times (15, 20, 25, 30 and 35 Each point is the mean value of the selectivity ratios among five different experimental conditions (Table 1) according to the Taguchi's statistical approach (Roy, 1990) .
sabinene was obtained at a static time of 35 min. This indicates that the extraction rate of sabinene is somewhat slow and it requires additional time for a higher extraction level compared to those for pinocamphene and iso-pinocamphene. This can also be justified by a higher selectivity at a similar dynamic time of 30 min (Fig. 2D) .
Effect of modifier volume on the selectivity ratio of the sabinene is shown in Figure 2E . The highest selectivity for sabinene extraction was obtained at a modifier volume of 1.5 µL, which can perhaps provide optimum solvent power for supercritical CO 2 , where the solubilities of pinocamphene and iso-pinocamphene are not favored as much as it does for sabinene.
Conclusions
The data obtained from this study suggest that sabinene, pinocamphene and iso-pinocamphene are major components extracted from hyssop collected from Iran. Comparing the extraction levels of these compounds with those of hyssop from other locations suggests that hyssop cultivated in Iran could be a special chemotype with a high sabinene concentration (11.04%). When using SFE to collect the essential oils from hyssop, changes in operational conditions (pressure, temperature, static and dynamic times as well as the modifier volume) can change the extraction efficiencies of different compounds differently providing an opportunity to improve the selectivity of any given component.
